The feasibility of an experimental determination of the parton distributions of virtual photons at high energy ep colliders is studied in the context of the DESY-HERA collider.
Introduction
The parton distributions of photons provide us with a unique opportunity to study the underlying mechanisms responsible for the specific shapes of hadronic parton distributions. This is due to the fact that in contrast to the situation with nucleons or pions the photon provides us with the possibility of investigating its parton distributions in a continuous range of masses (virtualities) P 2 = −p 2 γ with p γ denoting the four momentum of the photon emitted from, say, an electron in an e + e − or ep collider. (In the latter case it is common to use Q 2 = −q 2 instead of P 2 for denoting the photon's virtuality, but we prefer P 2 according to the original notation used in e + e − annihilations where it refers to the virtuality of the probed virtual target photon [1] .) This is particularly interesting for models based on some specific notion concerning the nonperturbative origin of the hadronic parton distributions which quite naturally lead to rather unique expectations [1] concerning the P 2 dependence of the photonic parton distributions. Similar approaches have been presented recently [2, 3] . Studies of parton distributions of virtual (P 2 = 0)
photons, f γ(P 2 ) (x, µ 2 F ) with some properly chosen factorization scale µ F , may thus provide an important test of the underlying ideas. In the present paper we present predictions for production processes at the DESY-HERA ep collider which are highly sensitive to the 'resolved' components f γ(P 2 ) . In particular the predicted rates for the 'resolved' production rates in these processes are presented in appropriate kinematical ranges suitable for testing the recently proposed [1] [2] [3] f γ(P 2 ) . Detailed experimental tests of such predictions will obviously elucidate the so far unanswered question as to when a deep inelastic ep process is dominated by the usual 'direct' γ * ≡ γ(P 2 ) induced cross sections, not contaminated by the so far poorly known 'resolved' f γ(P 2 ) (x, µ 2 F ) contributions.
To introduce our notations and conventions we begin in Sec. 2 with a short presentation of the proposed model [1] . In Sec. 3 and 4 we present quantitative results for the electroproduction of heavy quarks and (single inclusive) jets, respectively, with detailed comparisons of the individual direct and resolved contributions of virtual photons. Our conclusions are drawn in Sec. 5. In the Appendix we present a LO-QCD parametrization of our predicted distributions [1] which should be sufficient and useful for any forthcoming experimental or theoretical investigation as well as for eventual Monte Carlo analyses.
The Model
The basic ingredient of our model for the parton content of virtual transverse photons γ(P 2 ) is that it should be smooth in P 2 at P 2 = 0 where previous results [4] for the real photon should hold, which are given at the low (dynamical) input scale
where f = q,q, g and with κ, f 2 ρ , µ 2 and f π (x, µ 2 ) specified in [4] and [5] , respectively. This is expected to hold for the leading order (LO) distributions as well as for the next-toleading order (NLO) real photon [γ ≡ γ(P 2 = 0)] distributions in the DIS γ factorization scheme [6] which are related to the MS factorization scheme distributions via [4, 6] 
This, together with a VMD inspired P 2 dependence factor yields the following boundary
pert (x,P 2 ) (2.4)
where the NLO boundary conditions are again specified in the DIS γ factorization scheme and µ 
Heavy Quark Electroproduction
The cross section for heavy quark (h = c, b, . . .) electroproduction is given by
with x = P 2 /sy and where
where ρ ≡ 4m perturbative stability when compared with the appropriate NLO contribution [7] . The description of the above 'direct' heavy quark electroproduction in terms of σ h γp for the process γp → hh with γ denoting an effective, transversely polarized, massless photon,
where 6) with the cross section for the 'direct' subprocess γg → hh being given bŷ
The validity of this approximation determines the allowed range in P 2 where the virtual photon concept, in the sense discussed in [1] [2] [3] , is meaningful. We recall that our expectations concerning this issue are that as long as
h is fulfilled, the effective virtual photon concept is useful and the study of its partonic content applicable to investigations concerning the so called 'resolved photon' contributions.
In fact we find that as long as P 2 /µ 2 F < ∼ 10 −1 the effective virtual photon approximation, Eq.(3.5), reproduces the results of the exact calculation, Eq.(3.1), at a level of up to about 10% accuracy. This is illustrated in Tables 1 and 2 for charm and bottom production, respectively, where we used µ . We thus expect that in general the effective photon concept is reasonably applicable whenever P 2 < ∼ 10 −1 µ 2 F and that its resolved parton content is discernible provided it contributes significantly more than 10% to the involved production rate. This latter requirement is necessary also due to additional uncertainties related to different choices of the factorization scale (e.g., µ 2 F = m 2 h ) and to the size of NLO corrections [1, 7] . As shown in Figs. 1 and 2, these conditions are almost never satisfied for heavy quark (c, b) electroproduction where the resolved contribution, to be added to the direct σ h γp in (3.5), is given by [9] 
with s γ * p = ys − P 2 . The dominant LO hadronic 2 → 2 (as well as NLO 2 → 3)
subprocess cross sectionsσ f γ f for hh production, i.e., f γ f → hh etc. with f = q,q, g, are well known [9] . Due to the smallness of the hadronic 'resolved' contributions for Figs. 1 and 2 , electroproduction of heavy quarks appears to be unsuitable for studies of the resolved parton content of the virtual photon at HERA -unless one can tag experimentally on the resolved contribution via the hadronic photon remnants. The situation here is not too different from that for real photons [9] , P 2 = 0, and improves
dependence of the resolved component may be discernible for P 2 < 1GeV 2 where the effective photon description is accurate at a level of 1% (Table 2 ) and the resolved component's contribution is about or exceeds 10%.
On the other hand, the smallness of the resolved contribution of virtual (
photons to heavy quark production implies that ep scattering at HERA allows for reliable predictions of heavy quark production rates uncontaminated by the resolved contributions. Finally it should be noted that photoproduction (P 2 = 0) of charm, γp → ccX, has already been measured at HERA [11, 12] and first preliminary measurements for
have recently appeared [13] .
Jet Electroproduction
Turning now to high-E T single-inclusive jet production, ep → jet + X, we shall study the P 2 dependence of the resolved photon contribution in the range P 2 < ∼ 10 −1 µ 2 F indicated in the previous section as suitable for an effective photon description. It now turns out that in large kinematical regions the resolved photon contribution to the jet production rate is indeed significant and thus allows for a reliable study of its 
The LO γf →and hadronic 2 → 2 subprocess cross sections dσ jet γf and dσ jet f γ f , respectively, can be found, for example, in [14] . The charmed quark jet's contribution is included via γg → cc in the 'direct' channel and in the 'resolved' channel via g γ(P 2 ) g → cc, etc., with the relevant unintegrated matrix elements being given in [15] and [16] , respectively.
The sensitivity to the actual value of m c is small due to m perturbative calculations of its production rate should be reliable. On the other hand E T should not be too large in order that (i) a reasonable signal is still available and (ii) the resolved contribution is still significant. The choice E T > ∼ 5 − 7 GeV and consequently µ F ∼ E T , as also employed by recent experimental analyses of photoproduced single-jet [17] and dijet [18] events, seems to meet all these requirements. As for y we will choose y ≃ 0.5 as representative for the realistic range 0.2 < ∼ y < ∼ 0.8 containing a sufficient flux of energetic photons. Finally, the pseudorapidity η lab in the HERA lab-frame should be chosen so as to guarantee a significant contribution of the resolved partons to dσ jet over a wide range of P 2 . This happens for for the above specified values of E T , y and η lab . This ratio will be analysed in LO since NLO corrections are expected to be less significant in the above ratio. Moreover the NLO/LO stability for photoproduction (P 2 = 0) of jets has been demonstrated [20, 21] as well as the stability with respect to the choice of the renormalization and factorization scale µ F ≃ E T . Most of our quantitative results are based on using in Eq.(4.1) the LO parton distributions of the proton in [10] and of the virtual photon in [1] , unless stated otherwise.
The result of our numerical calculations are shown in Figs. 3-5 as a function of P 2 for
various fixed values of E T and η lab at a typical average y ≃ 0.5. These demonstrate clearly the feasibility of investigating the P 2 dependent parton distributions of the virtual photon at HERA, in particular of course in the forward (proton) beam direction η lab > 0 (i.e. small x γ ), up to P 2 ≃ 5 GeV 2 , i.e., up to P 2 /E 2 T ≃ 10 −1 , where the effective virtual photon concept is still meaningful. It is interesting to note that even for η lab ≤ 0 (large(r) x γ ), the resolved component is still comparable to the direct one, i.e., res/dir < ∼ 3 as shown in Fig.   4 . This implies that jet production in ep collisions by virtual (P 2 ≡ Q 2 = 0) photons at HERA energies rarely proceeds via the 'direct' γ * -contribution alone, since the resolved components of the virtual photon remain effective for −1 < ∼ η lab < ∼ 2.5 at the relevant E T and P 2 . It should be mentioned that preliminary results [22] on the integrated event-rate for dijet production in ep collisions with virtual (0.1 < P 2 < 0.55 GeV 2 ) photons have recently demonstrated the relevance of their resolved components.
Finally, in Fig. 6 we compare our results with those obtained utilizing the parton distributions of the virtual photon in [2] : SaS 1D and SaS 2D refer to rather different virtual photon parton densities, corresponding to evolution input scales Q 2 0 = 0.36 GeV 2 and 4 GeV 2 , respectively, from where appropriately modified VMD inputs are evolved.
The predicted P 2 dependence of ′ res/dir ′ in Fig. 6 is not too different from the one based on the GRS parton distributions [1] of the virtual photon. Similar results hold for other values of E T and η lab considered previously.
Summary and Conclusions
Parton densities of virtual (P 2 = 0) photons can be rather uniquely calculated in LO and NLO QCD which, moreover, extrapolate smoothly to P 2 = 0, i.e., to the hadronic 'resolved' structure functions of a real photon [1] . The virtual photon structure function
LEP2 [23] or in tagged ep → eX collisions at DESY-HERA via the subprocess γ(P 2 )p → X where the parton densities f γ(P 2 ) (x, µ 2 F ), f = q,q, g and P 2 ≡ Q 2 , describe the 'resolved' hadronic component of the virtual photon γ * ≡ γ(P 2 ).
Here we have shown that the predicted [1-2] P 2 dependence of the parton distributions f γ(P 2 ) inside the virtual photon may be tested at the DESY-HERA ep collider via tagged measurements of single jet or bb pair production. In particular the observation of single jets with transverse energy E jet T ≃ 5 − 7 GeV and pseudorapidity η lab > 0 will provide for a reliable determination of f γ(P 2 ) (x γ , E 2 T ) at P 2 < ∼ 5 GeV 2 . For η lab ≤ 0, where larger values of x γ are probed, the contributions due to the 'resolved' components f γ(P 2 ) (x γ , E 2 T ) are still comparable to the 'direct' contribution from the unresolved γ(P 2 ).
A determination of g γ(P 2 ) (x γ , 4m Furthermore, g γ(P 2 ) (x γ , 4m 2 c ) can be determined even in the aforementioned ep → e cc X process provided the hadronic remnants of the photon can be detected experimentally. A similar remark obviously pertains also for jet events, in particular for those with η lab < 0 relevant for the larger-x γ region.
Finally it should be stressed again that, according to our analysis in Sec. 3, the concept of a resolved virtual photon is only meaningful for virtualities constrained by P 2 < ∼ 10
with µ 2 F denoting the typical momentum scale of the underlying hard processes.
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Appendix
In order to obtain parametrizations of our radiative (dynamical) LO predictions [1] for
The pointlike (PL) contributions [1] are parametrized as (α = 1/137)
where
The Q 2 dependence of the quantities a, b, A, B, . . . is described as usual in terms of power series in s, as defined in Table 3 , with coefficients F, G, H which in turn are, according to Table 3 , expanded as, e.g.
in order to describe the P 2 dependence in (A2), with
All the required constants are tabulated in Table 3 for the pointlike u =ū, d =d = s =s and g densities (A2).
The hadronic (HAD) contributions to (A1), being generated from the VMD-like boundary conditions [1] , are parametrized as
for the hadronic u =ū = d =d and g densities, and as
for the s =s density, with η(
dependence of (A6) and (A7) is described by expanding again a, b, A, B, . . . in terms of
as described in Table 4 .
All above parametrizations are valid for
and are obtainable as a Fortran package via electronic mail from strat@hal1.physik.unidortmund.de Tables   Table 1. Cross sections for direct electroproduction of charm (m c = 1.5 GeV) at HERA energies √ s = 298 GeV for various photon virtualities P 2 and energy fractions y.
The exact results refer to Eqs. (3.1)-(3.4) and the approximate ones to Eqs. (3.5)-(3.7), with the percental differences being shown in the last column. . The GRV 94 parton densities of the proton are taken from [10] and the ones of the virtual photon from [1] . For comparison the total ep (dir.+res.) charm production rate at HERA for P 2 = 0 is about 0.5 µb [9] at √ s ≃ 300 GeV. . The total ep (dir.+res.) bottom production rate at HERA for P 2 = 0 is about 6 nb [9] at √ s ≃ 300 GeV. 
